We report a fully packaged and compact forward viewing endomicroscope by using a resonant fiber scanner with two dimensional Lissajous trajectories. The fiber scanner comprises a single mode fiber with additional microstructures mounted inside a piezoelectric tube with quartered electrodes. The mechanical cross-coupling between the transverse axes of a resonant fiber with a circular cross-section was completely eliminated by asymmetrically modulating the stiffness of the fiber cantilever with silicon microstructures and an off-set fiber fragment. The Lissajous fiber scanner was fully packaged as endomicroscopic catheter passing through the accessory channel of a clinical endoscope and combined with spectral domain optical coherence tomography (SD-OCT). Ex-vivo 3D OCT images were successfully reconstructed along Lissajous trajectory. The preview imaging capability of the Lissajous scanning enables rapid 3D imaging with high temporal resolution. This endoscopic catheter provides many opportunities for on-demand and non-invasive optical biopsy inside a gastrointestinal endoscope. 
Introduction
Optical endomicroscopy has raised a great deal of attention for in-vivo clinical applications such as optical biopsy or imaging guided surgery. Current medical endoscopy simply observes a reflected optical image from mucosal surface and it often requires physical biopsies, i.e., resection of some suspicious tissues from a patient body for ex-vivo histological or cytological examination. The main drawback of current endoscopic biopsy is unavailability of on-demand and real-time clinical diagnosis. In other words, microscopic examination after tissue resection not only causes significant time delay for clinical decision but also it may fail to predict tumor-free resection margin [1] [2] [3] [4] . On the other hand, recent development of optical imaging techniques such as confocal microscopy, multi-photon microscopy, and optical coherence tomography (OCT) visualizes the depth of tumor invasion from mucosal resection of intact tissues or organs from characteristic optical signatures with microscopic resolution [5] [6] [7] . The miniaturization of advanced imaging systems and further implementation inside an clinical endoscope can provide new directions for in-vivo optical biopsy [8] .
The optical integration inside an endomicroscope is challenging and still under development due to the strict spatial and operational restrictions as well as a lack of small optical components. Recently, micro-electro-mechanical systems (MEMS) offer unique solutions for endomicroscopic integration with real-time and electrically safe operations. For example, side-viewing endomicroscopes have been extensively initiated by scanning MEMS mirrors [9] [10] [11] [12] [13] . Circumferential viewing for tubular organs or vasculatures has also been realized by rotating a fiber-prism assembly with an external rotator [14, 15] or internal micromotors [16, 17] . On the other hand, forward-viewing endomicroscope is very essential for some particular applications such as gastroscopic diagnosis and becomes of great interest since it can be immediately applicable through the accessory channel of conventional endoscopes. Scanning MEMS mirror based forward optical scanning occupies relatively large space over the clear aperture due to an additional mirror [18, 19] . Other schemes such as MEMS lens scanning [20] , paired-lens rotation [21] , and scanning optical fiber [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] can secure the maximum clear aperture within the confined package. In particular a scanning optical fiber coupled to piezo-bender actuators [22] [23] [24] [25] or a tubular piezoelectric (PZT) actuator with quartered electrodes [26] [27] [28] [29] [30] [31] [32] [33] [34] , has many attractive figures-of-merits such as compact, simple, and robust packaging, where two-dimensional laser scanning with affordable scan amplitudes can still be achieved by operating at resonance in order to amplify the scanning amplitude at low operational voltages. Spiral scanning by using amplitude modulated sinusoidal driving waveforms with identical frequencies has been mainly used for these resonant fiber scanners [27] [28] [29] [30] [31] [32] , while the Lissajous scanning has also been implemented by selecting slightly different resonant frequencies within a resonance bandwidth [33, 34] . However, an eccentricity of a PZT tube due to inevitable machining tolerance or a slight misalignment between a circular fiber and a PZT often causes considerable cross-coupling between the transverse scanning axes [35] . This mechanical coupling between transverse scan axes substantially broadens the line scan width, which not only deteriorates the image resolution but also increases complexity of scanning control.
Here we report a resonant fiber scanner with 2D Lissajous trajectories for forward viewing 3D OCT endomicroscopy by asymmetric stiffness modulation. The fiber scanner comprises a single mode fiber implemented inside a piezoelectric tube with quartered electrodes and additional microstructures ( Fig. 1(a) ). The additional structures include both extra masses at the distal end of a scanning fiber and an off-set fiber fragment with micromachined silicon structures. This additional mass not only shortens the fiber length for a compact packaging with the resonant frequencies below the detection speed of the SD-OCT system but also enables low voltage operations due to high mechanical quality factor (Q-factor). Besides, the off-set fiber fragment with micromachined silicon structures substantially reduces the crosscoupling effect due to the separation of resonant frequencies along the transverse axes by differentiating mechanical stiffness. Depending on the ratio of scanning frequencies, the decouple motion finally enables Lissajous scanning, which covers a rectangular image area with high density grid-like pattern. The Lissajous scanning can provide many attractive figure-of-merits for miniaturized laser scanning based imaging systems such as endomicroscopes. First, sufficient scanning amplitude can be achieved within electrical safety limit by the resonant operation of both axes. Second, it provides more illumination uniformity than that of the spiral scanning and can avoid photodamage due to the high illumination density at the center region of the spiral scanning [34] . Finally, the Lissajous scanning provides the fast preview of an entire image area over the scan time, where the transverse resolution continuously increased ( Fig. 1(b) ) until the scan completes the 2D trajectory. Unlike non-resonant raster scanning with high operation power of non-resonant scanning, or the resonant spiral scanning, this unique feature of Lissajous scanning serves as an attractive method for miniaturized laser scanning based imaging systems such as endomicroscopes [36] [37] [38] . 
Fabrication and characterizations of a Lissajous fiber scanner
A Lissajous pattern fiber scanner was assembled with a single-mode optical fiber, silicon microstructures, a fiber fragment, and a PZT tubular actuator (2.2 mm in diameter and 20 mm in length). The silicon microstructures were micromachined by using deep reactive ion etching (DRIE) on a 500 μm thick heavily doped 6-inch silicon wafer with good electrical conductivity. Figure 2 (a) illustrates the microfabrication procedures for silicon microstructures. First, the back-side of a silicon wafer was deposited with a thin aluminum layer to not only improve heat conduction but also prevent leakages of helium cooling gas during a DRIE process. The top silicon layer was patterned with photoresist and defined on the whole wafer by using DRIE. Finally, the remained photoresist and aluminum layer were completely removed by using plasma ashing and aluminum wet etching. Figure 2 (b) and 2(c) show the optical images of micromachined silicon structures. Each silicon structure has a physical dimension of 0.5 x 0.5 x 1 mmbetween silicon wafer and microstructures during the microfabrication as shown in Fig. 2(c) . The individual silicon microstructures were finally separated from the wafer by disconnecting silicon tethers with Joule heating [39] . Note that MEMS microfabrication techniques enable to fabricate diverse shapes of silicon microstructures, which can be utilized for modulating or enhancing the scanning properties of a resonant fiber scanner with high precision and low cost. The microassembly of a Lissajous fiber scanner started with a 20 mm long fiber cantilever mounted inside a tubular PZT actuator. Two mounting heads made of an engineering plastic were used at the front and back of a PZT tube for precise alignment along the optical axis. Three silicon microstructures were firstly attached at the distal end of a single mode fiber as an additional mass. Two additional silicon microstructures were positioned at 3.5 mm and 13.5 mm of the optical fiber apart from the PZT actuator, where a fiber fragment was glued on the fiber grooves of silicon microstructures with UV curable epoxy. The orientation of silicon microstructures was precisely aligned with the electrodes of the PZT tube. An additional fiber fragment of 10 mm in length was finally attached at the bottom side of silicon structures by considering the motion orientation of PZT actuators. Figure 2(d) shows an optical image of a fully assembled Lissajous fiber scanner. Ellipsoidal scan patterns were observed due to the mechanical cross-coupling (a) and became more significant due to the high resonance gain induced by additional mass (b). The crosscoupling phenomena were completely eliminated with additional supporting structure, which enables to obtain clear line scan patterns and Lissajous scanning (c). (d)-(e) Frequency response of resonant fiber scanner. A 20 mm long fiber cantilever with a circular cross-section originally has the resonance at 269 Hz for both x and y directions. With three additional silicon masses at the distal end of a fiber, the resonant frequency was decreased to 85 Hz, while the mechanical Q-factor increases. The resonance bandwidth, which a resonance gain reduced to 1/15, was 10 Hz (indicated with red arrow). (e) Frequency response of the resonant fiber scanner with additional supporting structure. The supporting structure distinguishes the resonance frequencies of both axes; 86 Hz for x-axis, and 97 Hz for y-axis, respectively. Scanning amplitude of 732 µm and 591.7 µm for x and y axes, respectively, were obtained with peak-to-peak 40 V ac applied voltages. (e) A second-order regression model for the resonant frequency difference between two orthogonal axes of the 20 mm long fiber cantilever, with respect to the position of additional structures, L 1 , and length, L 2 . The mechanical dimensions of the supporting structure were carefully selected regarding on the numerical analysis within above horizontal red plane area (df >10 Hz), for sufficiently separating the resonant frequencies of orthogonal axes to eliminate the mechanical cross-coupling. (f) The resonant frequency of each axis under a constant L 1 of 3.5 mm depending on L 2 . The stiffness of a fiber fragment decreases as the fragment length L 2 increases over 10 mm. Figure 3 demonstrates the scanning properties of Lissajous fiber scanners. A fiber cantilever with 20 mm in length shows the same resonant frequencies at 269 Hz for both x and y directions, respectively. An ellipsoidal scan pattern during one axis operation is observed due to mechanical cross-coupling between both the axes ( Fig. 3(a) ). Additional micromachined silicon mass, precisely mounted at the distal end of the fiber cantilever, decreases the resonant frequencies while increasing the mechanical Q-factor. In other words, three silicon masses not only decrease the resonant frequency from 269 Hz to 85 Hz, which is below the detection speed of the SD-OCT system (~100Hz) but also increase Q-factor from 55 to 105 (Fig. 3(d) ), which increases the scan amplitudes. In contrast, high Q-factor not only makes the fiber scanner vulnerable to environmental perturbations and complicated to control [33] but also it increases the resonance gain for the other axis, resulting in substantial mechanical cross-coupling (Fig. 3(b) ). However, an additional fiber fragment effectively eliminates the cross-coupling between the transverse axes and thus provides clear line-scan patterns (Fig. 3(c) ), where the resonant frequencies along the fast and slow scanning axes are separated by more than the resonance bandwidth, i.e., 86 Hz and 97 Hz for x and y directions, respectively (Fig. 3(e) ). The deflection transfer functions were 18.3µm/V and 14.8µm/V that the scanning amplitude of 732 µm and 591.7 µm for x-axis and y-axis, respectively, were obtained within the electrical safety limit of peak-to-peak 40 V ac applied voltages. The decouple motion of Lissajous fiber scanners was also numerically analyzed with a secondorder regression model (Fig. 3(f) ). The numerical results clearly indicate that the frequency separation substantially depends on both the position L 1 and the length L 2 of a fiber fragment. For this particular experiment, the cross-coupling ratio, i.e., the scan amplitude ratio of x-axis to y-axis, is 15 pixels/256 pixels. From this numerical analysis model, the frequency separation at resonance was set to be above 10 Hz, corresponding to the resonance bandwidth (red arrow in Fig. 3(d) ), where the resonance gain is reduced by less than 1/15 for the decoupled motion. Figure 3(g) shows the resonant frequencies depending on L 2 under a constant L 1 of 3.5 mm. The stiffness of a fiber fragment decreases as the fragment length L 2 increases by above 10 mm, which no longer follows the regression model. The fiber scanner was fully assembled with a hypodermic tube housing of 3.2 mm in diameter and a gradient index (GRIN) of 2 mm in diameter and 5 mm in length. The GRIN objective lens was positioned at 0.25 mm apart from the fiber distal end, providing a ~4.95x magnification with an 8.3 mm working distance. The spot size at a focal plane was measured to 34 µm, which is fairly consistent with fiber mode field diameter of 5.6 µm while a small expands in spot size is due to the machining tolerance of the housing and misalignment during the assembly. The endomicroscopic catheter has 50 mm in full length. Figure 4 (b) shows a schematic illustration and an optical image of the fully packaged endoscopic catheter, which can pass through the accessory channel of clinical endoscopes for future clinical applications such as image guided surgery or optical biopsies (Fig. 4(a) ).
Lissajous scanning 3D OCT imaging with endomicroscope
Lissajous scan based 3D OCT imaging was successfully demonstrated with the endomicroscope coupled with high-speed SD-OCT system (60 kHz A-line scan rate) and direct 3D volume mapping based on non-repeating Lissajous patterns, which was described in our previous work [20] . The SD-OCT system consists of a broadband light source of 830 nm center wavelength (Exalos, Δλ = 46.8 nm, Max. Power 4.99 mW), 2 x 2 fiber coupler, and a home-built spectrometer with a 2048 pixels CMOS line scan camera (Basler, spL 2048-140 km). The axial resolution of the system was measured to 7 µm, while the bandwidth of the light source determines the theoretical value of 6.49 µm in air. For a 3D imaging, the resonant frequencies of the Lissajous fiber scanner was fairly adjusted within a resonance bandwidth so that a pattern densely covering the whole field-of-view (FOV). Then, while the Lissajous fiber scanner was resonantly scanned, a series of consecutive A-line data sets along the Lissajous trajectory and control signals of the PZT tube were simultaneously obtained from a DAQ board and a CMOS line scan camera, respectively. Finally, each measured interference spectra was directly assigned to a corresponding pixel on a detection volume by using measured driving signals. Note that, the imaging sequence is not based on a fixed Lissajous pattern that repeats with a particular rate, but the sampling density of the scan patterns can be continuously adjusted by increasing the detection time. Lissajous scanned OCT image for a national coin (Fig. 4(c) ) with complex en-face inscription was firstly obtained for the validation of the 3D reconstruction algorithm. Figure 4(d)-(f) shows the time-lapse sequence of fully reconstructed OCT images. The Lissajous scan trajectories initially fill with coarse density across the full FOV and then densely samples the OCT signals over time. The sampling density reaches up to 38% in 1 sec with 60k A-line data sets (Fig. 4(d) ), consecutively up to 59% and 69% within 1.5 and 2 seconds, respectively (Fig. 4(e) and (f); 90k and 120k A-line data sets, respectively). The Lissajous scan enables the rapid recognition of an entire texture within FOV within 1 sec (Fig. 4(d) ) and further samples sequentially contribute to the improvement of transverse resolution by filling up the sampling gap as long as the minimum feature size of a sample target is smaller than the sampling gaps (Fig. 4(e) , (f)). This unique preview imaging capability of the Lissajous scanning can remarkably reduce detection time and can be effectively utilized for fast volumetric imaging, especially in case of exploring suspicious regions within a large FOV or the temporal resolution is much important. Ex-vivo histological analysis with the fabricated endomicroscopy was also achieved. Figure 4 (g) and (h) shows the reconstructed volumetric OCT images of porcine colon and mouse ear with 256 x 256 x 995 voxels. The images were captured within only 0.5 second, and the 3 x 3 mm 2 FOV images were reconstructed with 30k A-line data sets (The 1st 3k consecutive points along the Lissajous trajectories are shown in subset image), while the detail layer structures underneath the tissue surface were readily identified.
Conclusion
To conclude, we have successfully demonstrated a forward-viewing OCT endomicroscope based on the Lissajous fiber scanner. The cross-coupling of conventional resonant fiber scanners were completely eliminated by decoupling the scanning resonant frequencies along the transverse axes with additional supporting silicon structures with an off-set fiber fragment. Microfabrication capability offers the diverse shapes of silicon microstructures, which can be further utilized for modulating the scanning properties. Lissajous scanning also allows rapid and accurate 3D SD-OCT imaging. This Lissajous pattern fiber scanner can provide many opportunities for advanced forward viewing endomicroscopic imaging based on confocal microscopy, multi-photon microscopy, or other laser scanning based imaging modalities. Moreover, this endoscopic catheter can be directly applicable through the accessory channel of a conventional gastrointestinal endoscope and it can also realize new directions for ondemand, rapid, and non-invasive endoscopic optical biopsy.
